It has been observed that the use of immunosuppressive drugs in patients after transplantation of vascularized organs may be associated with changes in the concentration of certain fractions of plasma proteins. The concentration of these proteins was correlated with an increased risk of occurrence of stage 3 chronic kidney disease (CKD). This article examines the effect of the most commonly used immunosuppressive drugs on the concentration of plasma proteins in Wistar rats.
Background
Use of immunosuppressive drugs in patients after transplantation of vascularized organs may be associated with changes in the concentration of certain fractions of plasma proteins [1] [2] [3] , although data in the literature are scarce.
In patients receiving immunosuppressive drugs (tacrolimus or cyclosporine A in monotherapy) following liver transplantation, elevated concentrations of specific serum proteins (e.g., apolipoprotein H, a 1 microglobulin, b 2 microglobulin of factor VII, and chromogranin A) can be observed [1] . The concentration of these proteins was correlated with an increased risk of developing stage 3 CKD [1] . In plasma of patients at risk of developing diabetic nephropathy, an elevated concentration of plasma kininogen and its fragments was reported [2] . In patients with lipid disorders, who were treated with steroids after renal transplantation -cyclosporine A (CyA) or tacrolimus, and mycophenolate mofetil (MMF) or azathioprine -higher concentrations of proteins such as high-molecular fragments of kininogen (bradykinin) and C4 complement were found [3] .
Most studies of protein markers of acute kidney injury, chronic kidney disease, nephrotoxicity of immunosuppressive drugs, and renal graft rejection were carried out using mass spectrometry technique involving renal tissue and urine, [4, 5] but not plasma.
The present study examined the long-term (6 months) effect of the most commonly used immunosuppressive drugs in typical combinations used in patients after organ transplantation on the concentration of plasma proteins of Wistar rats via electrophoresis technique.
Material and Methods

Study design
We used 36 male Wistar rats obtained from a licensed breeder (the Institute of Occupational Medicine in Lodz, Poland). At the beginning of the study, the rats were 14 weeks old. The animals had genetic and health certificates issued by a veterinarian. The The animals were housed in cages, with 6 rats per cage, in the Animal Facility of Pomeranian Medical University. The room humidity was approximately 55%, and the air temperature was 22±2°C. The lighting, on a 12/12-h cycle, was controlled by automatic timers. Before the study, all animals were weighed, and their mean weight was 305±9 g. During 2 weeks of adaptation, the animals were fed with the specialized LSM diet (1474 kJ/100 g, 17.6% "Agropol" Motycz, Lublin, Poland) and ad libitum drinking water. All animals survived the adaptation period.
The study was performed using the pharmaceutical form of each drug. The animals received drugs orally in a ball of bread. The drug doses were based on data found in the literature [6] [7] [8] [9] [10] . The doses used in the study were: tacrolimus (Prograf, Astellas Pharma, Warsaw, Poland): 4 mg/kg/day; MMF (CellCept, Roche Registration Limited, Welwyn Garden City, Great Britain): 20 mg/ kg/day; CyA (Sandimmune Neoral, Novartis Pharma Gmbh, Nürnberg, Germany): 5 mg/kg/day; rapamycin (Rapamune, Wyeth, New Lane Havant Hants, Great Britain): 0.5 mg/kg/day; and prednisone (Encorton, Polfa, Pabianice, Poland): 4 mg/kg/ day. The animals received medication every 24 h for 6 months. After 3 months the animals were weighed again, and each medication dose was adjusted based on body weight. The 6 rats in the control group did not receive treatment. A diagram of the study design is presented in Table 1 . Table 1 . Description of the study design. The abbreviations of drugs used for giving groups in brackets.
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Collection of material for the study Thirty-four rats completed the study and 2 rats from the CRG (cyclosporine A, rapamycin, glucocorticosteroids) group died before the end of the study. After 6 months, the animals were anesthetized by intraperitoneal ketamine hydrochloride injection (50 mg/kg) and blood samples were collected. At the same time, tissue samples (kidneys) of rats were taken for analysis in a separate study.
Determination of drug concentrations in whole blood of rats
The concentration of drug was determined after 4 h of enteral drug administration in accordance with the literature data [10, 11] . Rapamycin concentration was determined in the whole blood of rats collected into EDTA tubes by HPLC-UV method with extraction of 1-chlorobutane and 32-desmethoxyrapamycin as an internal standard. A Hewlett-Packard 1050 instrument equipped with Alltech Alltima C18 column 150×2.1 mm, 5 µm, maintained at 50°C, was used. The flow rate of the mobile phase containing 60% acetonitrile and 40% water was 0.5 mL/min, and the UV detector wavelength was established at 278 nm. The limit of quantitation was 1 ng/mL.
The concentration of tacrolimus and CyA was determined in the whole blood of rats using IMx assay based on microparticle enzyme immunoassay (MEIA). The assay was performed using Abbott equipment (Abbott Laboratories, Park, USA). The concentration of CyA was determined with the use of Abbott AxSYM assay, based on a fluorescence method (FPIA, fluorescence polarization immunoassay). The concentrations of the drugs were: cyclosporin A (ng/ml) 785.2±83.3 (ng/ml) in the CMG group, tacrolimus 14.1±13.1 (ng/ml) in the TMG group, tacrolimus 15.3±9.2 (ng/ml) and rapamycin 6.5±2.4 (ng/ml) in the TRG group, cyclosporin A 1272±556.7 (ng/ml) and rapamycin 6.3±4.4 (ng/ml) in the CRG group, and rapamycin 2.3±2.1 (ng/ml) in the MRG group.
Polyacrylamide gel electrophoresis of rat plasma proteins
Separation of proteins was carried out using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions, according to the procedure described by Laemmli [12] . Plasma was suspended in a solution containing 0.25 M TRIS-HCl buffer, pH 6.8, 10% SDS, and 0.5 M DTT, incubated at 94°C for 5 min. The acrylamide concentration of "stacking" and "resolving" gels were 4% and 10%, respectively. The separation was carried out at ambient temperature and at a voltage of 60 V for the "stacking" gel and 120 V for the "resolving" gel. Subsequently, the gels were stained with 0.1% Coomassie Brilliant Blue suspended in 10% acetic acid and 50% methanol. The separation of proteins was conducted using the Mini-PROTEAN ® (Bio-Rad) system, and the analyses of gels were performed using KTE Gelscan (Kucharczyk TE) program. The results are shown as proportions.
Determination of proteins with the use of ELISA
The following ready-to-use kits were used for determination: 1. TIM-1/KIM-1/HAVCR Immunoassay Rat (catalogue number RKM100, R&D Systems, Minneapolis, USA). 2. Rat MCP-1 Instant ELISA (catalogue number BMS631INST, eBioscience, Vienna Austria).
Statistical analysis
The values of continuous variables were compared between groups using nonparametric tests (U-Mann-Whitney test) because most of the variables were non-normally distributed (as evidenced by Shapiro-Wilk test). The mean, standard deviation, median, minimum, and maximum values were calculated for each group.
To evaluate the correlation between continuous variables, nonparametric Spearman's rank correlation coefficient (RS) was used.
The cut-off level of statistical significance was set at p<0.05 for bilateral statistical hypothesis tests. Calculations were performed using Statistica 10 software.
Results
As shown in our previous studies (Kedzierska et al.) the immunosuppressive drugs used in popular regimens induce a series of changes in protein expression in target organs (e.g., kidneys) [13] . Our team (Kedzierska et al.) found that the apoptosis in nephron tubules caused by immunosuppressive therapy in the same study group is not accompanied by any histopathological changes (e.g., fibrosis, inflammation, tubular atrophy, and vacuolation of the tubular cells) seen in light microscopy [14] .
In a recent study, plasma proteins were subjected to 1-dimensional electrophoretic separation under denaturing conditions. The 22 plasma proteins occurring in the highest quantities were divided into 7 fractions (Figures 1 and 2 ; Tables 2,  3A , 3B), with molecular mass given in kDa as the division criterion. Statistically significant differences were observed between protein concentrations within the studied groups. Table 3A) .
The 146-kDa protein was found in lower concentrations in the control group as compared to the CRG study group (p<0.05).
Presence of 154-kDa protein was found in higher concentrations in the control group as compared to the TRG, MRG, CMG, and TMG groups (p<0.05). The 170-kDa protein was found in lower concentrations in the control group compared to the CRG (p<0.05), CMG, and TMG (both p<0.01) groups. The 195-kDa protein was present in higher concentrations in the control group compared to the CMG group (p<0.05) (Table 3B ).
In the next stage of the analysis, a comparison was made of the immunosuppressive regimens applied and their effect on the concentration of plasma protein fractions. The comparison excluded the control group, which did not receive any drugs.
The use of regimens based on CyA (CRG and CMG) was associated with the occurrence of a higher concentrations of 203-, 170-, and 108-kDa plasma proteins (p<0.04, <0.01 and <0.05, respectively), whereas the amount of 54-kDa protein was significantly reduced compared to the groups treated with regimens devoid of CyA (TRG, TMG, and MRG) (p<0.05) ( Table 4 ).
In the plasma of rats collected from the groups treated with tacrolimus (the TRG and TMG groups), we found decreased levels of the 108-kDa protein and increased levels of the 103-kDa protein (p <0.02 and 0.03, respectively) ( Table 5 ) compared to the groups without drug treatment (CRG, CMG, and MRG).
Compared to other regimens, treatment with a set of drugs including rapamycin (CRG, MRG, and TRG) had the greatest effect on the change of the parameters studied. The content of plasma proteins in the groups receiving rapamycin was higher compared to the groups without rapamycin (CMG and TMG) in terms of proteins size 195 kDa, 88 kDa, 66 kDa, and 37 kDa (p<0.04, p<0.03, p<0.0,3 and p<0.04, respectively), and was lower in terms of proteins size 170 kDa, 103 kDa, 79 kDa, and 58 kDa (p<0.001, p<0.01, p<0.05, and p<0.001, respectively) (Table 6 ).
Treatment based on the administration of MMF (TMG, CMG, and MRG) along with other regimens had the lowest effect on the change of the parameters studied. 
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There was no correlation between morphology, creatinine, e-GFR, or histology of rat kidneys and plasma protein, and plasma protein was not correlated with serum calcium or urine test results.
In the next stage of the study we analyzed the concentration of KIM and MCP-1 in rat plasma as well as the correlation between rat plasma proteins and markers of kidney damage.
KIM-1 (kidney injury molecule-1) concentration was determined in the plasma of rats, and significant differences between the groups (p=0.05) were found ( Table 7 ). The highest value of KIM-1 was found in the CMG group and it was significantly higher than in the control group (Mann-Whitney test, p<0.05). The concentration of MCP-1 (Monocyte Chemoattractant Protein-1) in the plasma of rats was also significantly different between the groups (p<0.001). In the MRG group, it was significantly lower compared to the control group (p<0.05), whereas in the TMG group, the concentration was significantly higher in comparison to the control group (p<0.01). The concentration of KIM-1 was inversely correlated with 66 kDa and 137 kDa proteins and positively correlated with 170 kDa protein ( Figure 3 ). Numerous correlations were observed between plasma levels of MCP-1 and plasma proteins. MCP-1 was inversely correlated with 37 kDa, 120 kDa, and 146 kDa proteins (p<0.001). MCP-1 was positively correlated only with the 210 kDa protein (Figure 4 ).
Discussion
In a separate study by our team (Kedzierska et al.) [13] , we analyzed the impact of the most commonly used immunosuppressive drugs on protein expression in the native kidneys of Wistar rats. We found that the immunosuppressive drugs used in popular regimens induce a series of changes in protein expression in target organs. The expression of proteins involved in drug, glucose, amino acid, and lipid metabolism was pronounced. To a lesser extent, we also observed changes in nuclear, structural, and transport protein synthesis. Very slight differences were observed between the group receiving cyclosporine, mycophenolate mofetil, and glucocorticoids (CMG) and the control group. In contrast, compared to the control group, animals receiving tacrolimus, mycophenolate mofetil, and glucocorticoids (TMG) exhibited higher expression of proteins responsible for renal drug metabolism and lower expression levels of cytoplasmic actin and the major urinary protein.
In the TMG group, we observed higher expression of proteins responsible for drug metabolism and a decrease in the expression 
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of respiratory chain enzymes (thioredoxin-2) and markers of distal renal tubular damage (heart fatty acid-binding protein) compared to expression in the CMG group [13] .
In the present study, 22 proteins were isolated from rat plasma from both the study groups and the control group, which were further divided into 7 fractions, depending on the molecular mass [kDa] . Because of the large number of proteins found in the plasma (several thousand), which would impair the readout of hard-to-observe differences between proteins, 2-dimensional (2D) electrophoresis could not be performed.
Statistically significant differences were observed between concentrations of proteins within all the studied groups and the control group. These differences were related to 195 kDa, 170 kDa, 103 kDa, and 58 kDa proteins.
A protein with a mass of 195 kDa may correspond to C4 complement (whole molecule). A 103-kDa protein may correspond to the inter a-H4P inhibitor (heavy chain), the 170-kDa protein is most probably a a 2 -macroglobulin, and the 58-kDa protein may correspond to a b chain of TGF or C1 protease inhibitor.
The concentration of 195-kDa protein (probably a C4 complement) was higher in the control group; however, its concentration in the CMG and TMG study groups was very low.
The 170-kDa protein, which is most likely an a 2 -macroglobulin, which is an acute-phase protein in rats, relative to CRP, was at significantly higher concentration in the rat plasma collected from the study groups compared to the control group. In older rats, the concentrations of a 2 -macroglobulin and other parameters of the acute phase were increased, and the concentration of albumin was decreased [15] . In the study groups, no differences in the concentration of protein corresponding to albumin (66 kDa) were observed, except for the TMG group, in which the concentration was significantly decreased compared to the control group.
There was a significant increase in the concentration of 58-kDa protein in almost all the studied groups except for the MRG and control groups. The 48-kDa protein was reported in the highest concentration in the control group, while in the remaining groups it was found at a very low level; however, due to the large variation, statistical significance was only observed between the control group and the MRG and CMG groups.
Merchant et al. reported an elevated concentration of plasma kininogen and its fragments in patients with microalbuminuria during the course of type I diabetes [2] .
These are very small proteins (~3 kDa), which were detected using mass spectrometry technique; unfortunately, the electrophoresis method, which was used in this study, is not sensitive enough to detect such small proteins. However, proteins with masses of 70 kDa and 46 kDa, which may correspond to low-and high-molecular-weight kininogen in rats, were detected in our study. The concentration of 48-kDa protein (possibly a low-molecular-weight kininogen) was significantly different between the experimental groups and the control group.
Levitzky et al. observed the correlation of apolipoprotein H, a 1 microglobulin, b 2 microglobulin of factor VII, and chromogranin A with increased risk of chronic kidney disease development in the third stadium. Moreover, elevated levels of these proteins were found in patients who received tacrolimus and CyA in monotherapy after liver transplantation [1] .
In another study, the effect of atorvastatin on lipid profile and plasma protein composition in patients after kidney transplantation was observed. It was found that treatment with statins may decrease the concentration of certain serum proteins, and patients receiving steroids, CyA, tacrolimus, MMF, and azathioprine exhibit higher concentrations of high-molecular-weight kininogen fragment (bradykinin) and C4 complement [16] .
We also examined the effect of drugs used in immunosuppressive regimens on the concentration of plasma proteins, but we excluded the control group from this part of the study. The available literature lacks any data against which our results can be compared. Most studies on the protein markers of acute kidney injury, CKD, nephrotoxicity of immunosuppressive drugs, and acute rejection of renal transplant were conducted using mass spectrometry technique in renal tissue and urine, but not in plasma.
In the present study, we observed that among all the drugs tested, only MMF used in various regimens usually had no effect on the concentrations of proteins analyzed using SDS-PAGE technique. The remaining immunosuppressive drugs affected the protein concentration to a greater or lesser extent.
In the rat plasma collected from the groups in which tacrolimus was administered, both decreased and increased proportions of 108-kDa and 103-kDa proteins, respectively, were observed. Regimens based on CyA had higher concentrations of plasma proteins with masses of 203 kDa, 170 kDa, and 108 kDa, whereas the concentration of 54-kDa protein was significantly decreased compared to the groups treated with regimens devoid of CyA.
The strongest effect on plasma proteins was in regimens with rapamycin. The concentrations of proteins with masses of 195 kDa, 88 kDa, 66 kDa, and 37 kDa were higher, while the concentrations of proteins with masses of 170 kDa, 103 kDa, 79 kDa, and 58 kDa were lower compared to the groups devoid of rapamycin.
Three proteins, with masses of 170 kDa, 108 kDa, and 103 kDa, were interesting in terms of their mobility. A 170-kDa protein (possibly an a 2 -macroglobulin) was found at significantly higher concentrations in the groups treated with CyA, and the 103-kDa protein (possibly an inter a-H4P inhibitor, heavy chain) had elevated levels in the groups in which tacrolimus was administered. In the groups in which rapamycin was administered, decreased concentrations of 170-and 103-kDA proteins were observed.
We found a positive correlation between KIM and 170-kDa protein, which could correspond to alpha-2 macroglobulin in rats. Alpha-2-macroglobulin is a typical acute-phase protein in rats [17, 18] . In our study groups, KIM-1 levels were higher in rats treated with CyA and lower in rats treated with rapamycin. KIM-1 in plasma is very sensitive and is a specific marker of acute kidney damage in many rat models (e.g., streptozotocininduced diabetic nephropathy) [19] . KIM-1 is a marker of kidney damage, especially for the proximal tubule, and is useful in the monitoring of acute kidney damage, as well as in renal diseases characterized by interstitial fibrosis and primary and secondary glomerulonephritis [20] .
We found that higher release of 170-kDa protein and KIM-1 concentration in rat plasma was associated with cyclosporine A treatment compared to rapamycin. Although histopathology of kidneys did not show significant differences between study groups, we think our finding is interesting. The limitation of this is that alpha-2 macroglobulin synthesis also increases as rats age [21] . Our experiment was terminated when our rats were 9 months old; the average lifetime of a Wistar rat is 24-36 months.
Another interesting finding in our study was the multiple negative correlations between MCP-1 and 37-kDa, 120-kDa, and 146-kDa protein (p <0.001). MCP-1 positively correlated only with the 210-kDa protein (p<0.01). This negative correlation may indicate the strong effect of rapamycin on decreased MCP-1 synthesis and increased production of other proteins in our study groups of rats compared to rats treated with tacrolimus.
The meaning of this finding is unknown because there are no relevant studies for comparison.
MCP-1 influences the activation and migration of monocytes, macrophages, and T lymphocytes into the tubulo-interstitial space of kidneys and plays an important role in renal fibrosis [22] . Wu et al. observed a decrease in the concentration of MCP-1 after treatment with MMF (mycophenolate mofetil) [23] . In our study, in the experimental groups of rats, no effect of MMF on the activity of MCP-1 was observed. The level of MCP-1 in rats treated with regimens based on rapamycin was significantly lower in comparison to the groups without rapamycin. In rats treated with regimens based on tacrolimus, significantly higher MCP-1 was observed in comparison to the rats that did not receive tacrolimus.
As in our study, Lui et al. demonstrated the influence of rapamycin on the inhibition of MCP-1 expression in the kidneys of mice, and Lee et al. experimentally confirmed, on endothelial cells of the proximal tubules, that rapamycin inhibits stress in the endoplasmic reticulum and indirectly reduces the expression of MCP-1 [24, 25] . Moreover, Oliveira et al. found that rapamycin inhibits the production of cytokines, including MCP-1, much more strongly in comparison to MMF [26] .
A 108-kDa protein (bone morphogenetic protein BMP-1, probably endothelial lipase) was present at both increased and
